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1 . I11TIODUCTION

Mathematics has througthout tlhe history of sc ience

served as both- the queen and handmaiden of other disciplines

in providing examples, stim~ulation and wiork:ing tools for

t",='. Computer Science has joined 'Mathematics in this role

almost since conputers appeared on the scene.

Wie describe a new offspring of established areas of

study, which we tentatively call Theory .f Strategiea. It

is characterized by the problems it aims at solving and by

the methodology it would use.

At the start, it should be noted that the distinction

between 'strategic' and 'tactical' is rather moot and varies

from context to context. 'ic shall refer to strater-ic

corside _"LL~ wh en their consequences ren-nin relevant to

'.,e outcoe of a confrontatioll- t rou,:!iutL the con fIict

s trat.e z!1 is, of cour3,;, i1OrE: t'-ian t;-.e Z u:-- of t'.-ke

pa r t ic ipa t in* tcis It 'U ls o i n - ,, l cs t 1-c nreca ns o :

cvalu;;ting t a"c'versary' .3 situa-tion anc: actioiis, schieduling

of one's own tactics, and mal-ing use of feediback from thie

e,)v ir o nri cn t in modifying tne ruleZ of tactics both in tcrmt;

of t1-eir contcnts and thneir inter-relatLions. In short,

strategy -ives tactics its mission and seek.s to reap its

results.

People use the word strategy in a variety of contexts.

Althoui;h its original meaning ("te art of the general" in

ancient Greek) refers to the conduct of warfare, the tern
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has later assumed connotations ranging from statesmanship

and management of national policy to diplomacy and economic

planning, chiefly after the theoretical v.orks by Karl von

Clausewitz [11 arcd Antoine-Henri de Jomini [2]. After John

von fleumann and Oslar Morgenstern [3) showed the similarity

between the garel ike problems in economics, sociology,

psychology ard politics, the concept of strategy became

pervasive also in social sciences. Ile talk about 'problem

solving strategies' or the 'corporate strategy' in a large

business enterprise, etc., whenever a sequence of

goal-oriented actions is based on large-scale and long-range

planning.

Ile shall adopt the latter type of interpretation of

strategy and investigate how Computer Science can contribute

to strategic planning.

2. THE QBJEQ-LI AJ IS OF 0. TfEY LJ TPJQ

The following is a list of some of the objectives of

the proposed theory:

.to identify adequate cor,,puter representations of

static and learning strategies, which representations can

then be effectively and efficiently employed both in a

simulated world and in direct interaction with the real

world;

-to develop techniques which analyze strategies,

measure the performance of the Whole strategy, and of its
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appropriately distinguished co:nponents ("credit

assignme'it"), under most or all rclevant conditions;

to observe strategies in action--eit!her in a sequence

of unperturbed confrontations with others or under

"laboratory conditions" when the environm;ent is specified

according to some experimental design--in order to generate

a computer model (a "descriptive theory") of it;

.to combine the best components of several strategies,

eliminate the redundancies and inconsistencies among these

components and produce a strategy that is normative in the

statistical sense;

.to establish stochastic, causal relationships between

open variables that can be measured at any time and hidden

varia",es %,hose values can be identified only intermittently

or periodically, in order to find out the actions of a

strategy, and their underlying reasons and consequences;

.to create a system that can be taught strategies via

principles and high-level exavmples; the system should be

able to m a e inquiries about vague, incomplete or

contradictory advice, and to apply, evaluate and improve the

strategy so acquired.

3. a METINODOLOGICAL SI

The mathematical theory of games has given us a

conceptual framework, a useful terrainolog.y but few practical

methods to solve large-scale, uomplex, real-life problems.

;- -- .
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OI the other hand, areas of study such as decision theory,

utility theory and operations research, could mal:e important

contributions to the tecl:nique wc consider essential in

approaching the above objectives.

lie propose the term 'Digital Gaming' (DG) for the

computing activity that incorporates model-building,

sii-Aulation and learning programs. A programming system

dedicated to DG, collaborating with human decision-makers,

,:ould eventually assume the role of a Co:nmand-and-Control

unit.

The idea of attacking the problem of strategic planning

with the techniques of Computer Science has several

"by-products" that we note here. As any person in computing

would tell, when one has to formulate a problem to program

it, all "intangibles" must be described so as to be amenable

to algorithmic or heuristic treat:zent. Such description

also clarifies the thought processes of the experts whose

advice and experience are sought in establishing the

programming systemi. Thus even the e::isting techniques are

bound to ii;iprova.

Hore importantly, the designer of a system, ,worl:ing in

the top-down mode, assumes the existence of modules below

the one he is concerned with. Ile establishes a flow of

control and information among subsystems zh i ch will be

irplermented later or, possibly, are to be operated by human

beings for some time to come. This idea should encourage
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continual expansion of the domain already automated.

I. ON DIGITAL (;Aii !G

As noted befor., DG is more than running situlation

models. t1e believe in the utility of machine learning,

Whichl has been in the focus of our interest in studying

decision-making under uncertainty and risk [4-8.] Learning

programs would assume an important role in DG 111). They

would continually improve th.e performance of the system

whenever (i) better responses are attainable under constant

environmental conditions, (ii) the. physical environment or

tle adversary strategy changes. In order to illustrate

their relevance, we describe briefly three types of learning

processes (out of sorme tjo dozen) and a high-level

strategy-acquisition technique that we have been working on

over the past several years.

5. i~i 11A iES A,'!" L.Alli'l!,IG .11ODE

"Bayesiaii" learnin, processes I-akc inductive

inferences, that is, draw general conclusions from specific

events. (The name refers to Baye:;' theorem in probability

which assumes the a priori knowledge of certain conditional

probabilities Df certain events occurring after some other

events.) They modify the decision-making rules by comparing

predicted outcomes of events and actual outcomes. There are

basically three ways to adjust the rules to bring the actual

~'l

... 7-7 .
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outcomes closer to the expected ones. If a number of

parameters are! included in the pre-establi.ihed heuri3tic

rules, a learning process can ilake their values converge to

na-ar-optimum values. Or an optimui hierarchical ordering

for the heuristic rules can be found experimentally. It is

also possible to generate automatically new heuristic rules,

test them and incorporate the successful ones into the new

strategy--a usually difficult and titme-consuming process.

It should be noted that, in accordance w;ith the

experimental spirit of DC, a variety of "Bayesian" learning

processes must be tried, which vary in the type and amount

of information they collect and in how they use it.

6. TIE QUASI-OPTItIIZER (Q1 SYSI

Let us consider an environment in which either sever:!

organizations arc coimpeting to Lchievc: an identical,

mutually conflicting goal, or else a set of alternative

strategies exist, each trying to win against an identical,

opposing strategy [9,131. (One can assume, for the sae of

generality, thaLt a ZDoal e is specified whose cor. pone nts

need not be independent in real-life confrontations; for

examiple, in air battle management, the ratio of targets

accessed anu enemy air defense units suppressed are

obviously inter-related goal components.)

Each of the strategies evaluates the environment by

measuring certain variables (numerical or symbolic)

... . _ . . . .. . . .. . ... . .. . ... . .. . . L ' " "--: r '---. -" . ..... , - : -,, L I , 4,



available to it, which thIie 3tratergy considers relevnt.

Such variables may b e the real or assumied actions o," thie

adversary, the percei ved sta te of tile con frontat ion,

aailability and capabilities o f fri -.n dly for-cs, threLat

estimauteLs, criticality and vulnerability of the adversary'sa

a n our resources~, etc. A n i mp or t ant c onpo n ent o fa

strategy is~ aimed at interpreting tlh e se m ea 5u rem en ts and

i n co rpo ra tiJng them in the process of maigdecisions that

can lead to goal-achievemient (anid to t ie exclusion of

y-oal-achieve,,.ient by the aciversary).

The environment as perceived by thie strateg-y is; unclear

aca use some information nay be unavailalble, iin (isy

o,- uncertain, accordin-- to whether or not th e r ele0.va nt a

priori probability distributions, are !:no-on, respectively) or

00b;s-ured by noisne (ca Us cd accidentally o r by d 1i b r.-t e

obfuscation) . If th e d c isi ons based on ru>incenjiletce

anid/or inconsistent inforimation are less sound thann those of

the adversary, resources w-ill be w.astecd and goal achievementE

wilbe fLarther remiovad.

Le t u; n ow c on::i de r ho .1 we coc)ul1d (r"e n -1r a 'e a no.,;

s tra t e-,y. Tile system has to rgenerate automatically a miodel

(a desfintive tLQ~ foey priiaig strategy

th,.rough observa-tion a-nd iueasurerients. It would thl en have to

assign to each coiinponcnt of1 thie model3 soime m ea su re o f

quality; that is, an outcome-dependent g_::i.uoE* od

im:;t be made.



The strategy obtainable fro the best conponents of the

moel strategies is a nor:ativ I jeory whicI: if potentially

t!i'- best of all available ones, o. the basis of the

infor-iation accessible by us. This normative strategy is in

f.1ct only pjluasi-o timur for four reasons. First, the

resulting strategy is optimum only against the original set

of strategies considered. Another set may well employ

controllers and indicators for decision-making that are

superior to any in the "training," set. Second, the strategy

is normative only in the statistical sense. Fluctuations in

thla adversary strategy, whether accidental or deliberate,

i;,:pai r the performance of the QO strategy. Tiird, the

adversary strategy nay change over time and some aspects of

its dynamic behavior may necessitate a change in the QO

str tegy. Finally, the generation of both th "e descriptive

t reories (models) and of the normative t!.eory (the QO

theory) is based on appro.a,, te and fallible ...easureent.

T he system under development employs the following

modules:

6.1 The 00-1 assumes a nonotonic strategy response

surface and uses either exhaustive search or binary chopping

to construct a descriptive theory of static (non-learning)

strategie s.

6.2 The 00=2 extrapolates a finite sequence of learning

trees, each representing the same strategy at different

stages of development, and computes their asymptotic form.

*]1
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Tle latter will then b,,a used in constructinp, th~e nori:.ati ve

thteory.

o .3The 0-~minimizes the totl' ;:e f xea:n

Q9-1 Ihas to per:'orra. It no lojr;ve htlesrt

rcasponse surface is- monotonic .:d ill eventJually also 0ei

ih mul ti-d i-.,.nsional1 responseo. Q0-3: s t ar ts it

balanced i r. c .iol et e bl1o c I d e i for ex Pecri ,,ie nt S a r,,

computes dynamically the 6pecificaitions for each subzequenit

experiment. in oth-er w-.ords, th e levels o f te d ec is i on

variables in anI.y s i 1 ~e exu erii.ient and t!he le-ng,,th of th.e

sequence of experiaments depend on teresponses obtained i n

previouus exparimients.

u ii Te 4I5 perfor~is the cre-'i, assiunr:'ent. Th1a t i S,

it i'i tifies the. co:nct F. a stratery anid ass-5-i~nS to

cach a quality saueof thc 'outcomes' . If- out con e n eU

no b onl the immedialte reo;ult of a sequ-coce of actio,:s

prescribed by testLrateg:,y but car also i n volv.,e Icng--rn2-

conSequence3 of planned actions.

6.5 The La=-s constructs -D 'Sz,,uer Strat'Iegy' by comiin ag

stratcgy c,; o ~n cn t associated-A with outcomes Of' a qluality

above a tthrespold value.

6.6 The 2C9-L3 cgeerates a Q ui - Opt i;lm streategy fro-,

th e Super S. t r at E. 'y by el- i i n t ing in-c on s isten c sa

redundancies; from the latter. It also tests and verifies

the Q0 strategy for comp~leteness.

7. THE ADVICE 'f!R/-flU1 i~IT ATI
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TLe objective o ti s te. is to establi sh a
-.a-i'chi ne envircn..nt in n h .a,.man advisor can teach

-;tr-te,:.es of c-nfruntntion on-li ,., throuc), 2,r jjlj_ _a ard

i 1i1,-Ieve! 'L -, . The orincil s nd exan.les norrally

consis.t of si uations and rccor:.-ned actions. (Principles

>lcscribe rather general situatio n -efined in a flexible

r:i.,ner 11ereas e:amples are specific and illustrate

apropriate behavior in a general situation by analogy with

a particular one. Actions can either adh!ere to some general

-uidelines or follo w a set of sharply defined

r(rescriptions.) 1.ienever the systci finds the advice given

to bz vaZue, incomiplete or inconsistent withi previously

imuzrted 1nowlcdg,, it makez inquiries and a3ks for

clarificatian. The advisor can define and re-define the

co:.;poients of a principl.-e, at a .. tir; e. 1'e can also

over-ride teaporarily thae :;trate,y taught so far by issuing

The system does not start out ,ith a blank memory. It

.:nm;.: .. e rule, ;;overnirg the confrotation, the variables,

a ,d t~ie ran ;s of th.ei- values tithin the situation space.

.hc advisor can at any timae

(i) define vcriables, functions, general and

specific action s, confrontation-relatcd adjectives,

nouns and verbs--in terms of constants, confrontation

parameters, current values, overall and moving averages

of statistical values, basic confrontation actions, and
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Boolean anci relational operators;

(ii) def'ino pri nciplnle of a staej .:iic". connect

Csi tcatiolz (- n~o 1'e:aaa ool can coribination of

ruM)of 3tatia;ticilvral-agi current valutos,

overail or :-.;viw*; averia ,us) to so,:ie ;genearal or srpecilfic

action;

( ii i) iv e hi-g>-lev ol e xni m n1e s by c onnie cti n,-

slviardly spe-cif ied situ~ations to direct confrontation

actions;

(iv) mak-L, inquiries; about 'elfiniticns, Principles,

arid value3 of statis;tical variaboles stored :;o far;

(v) i';-ue an orc-er ~i cl. ta :ipo r ar i1y over-rid;2

the stLrateg-y acquired -so far.

In turn, tlh.e sy'stcn. can

(a) as'. for ci an ficutL-ionj wltex , 11 -v r n.'defini tions

are vague - or conflict %:2ith :tored onies, ur the strate,-,'

is inco-.iplete in no-t cuoring- the i:: .ole confrontation

5,- a ct;

( b) retu rn e.'.p 1 a ry zac t ion 1! i G sr -s3p -c i ied

s3t raLit egt-y a c cu ire d

(e) disiplay definiitions -, princi-ples, con -ronta'tiutn

parricers vaueaof vziriables, e-tc.

Randomri uriber jenerators also have a role in defining-

f-arme-ttioretically mixed strategies. .1 sense of tit-,ie has

:ilso to be incorporated it- the "tool kit" of definitions;,
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.hether it refers to continuous or quantized ti::e or to a

counter of certain specific events.

.'e note tuo important f*ciliti s to be txed inl

spccifyinl principlc:. Lt us cull tLez;: 1_or-As j.za

and A v ri J ne -Advcr :ary Tye s (AAT nd ADAT,

respectively). In t1e former case, the ad.visor .2 a

certain adversary to one or ra or e catego ries (Adversary

Types) named by hit,.. In tl:c latter case, the advisor

dcfine one or several catc-orics by ",oolean combina tiOtis of

ranges of statistical variablc,;, whic! are regulirly or

continually collected over the adversary'Z ations. (The

variables can refer to current values, alr o.cral! or movin;:

averages.) At prescribed intervals, the yste:n co:ipares the

adversary behavior .:th tI:e fpecificationn of -l ADAT' s.

Accordingly, each adverzary (at that ti:ie) wia y belon.: to

v arious Advisor-Deriiie Ad versary Types. Tu:; t priniciple

describing the appropriatc action can refer to all .aug.

adver sries that satisfy the dfinition condiitions of the

Adversary Type at 1in:d.

dvisor-dcfined nouins eon reson'-bly be required to be

una:1: big L.ou . Iio ever, adjectives (and, to sorne extent,

verb:;) rust often have different i:eaninrs w 1en u, e to

li;odify different types of' nouns (cf. a ".jtrong attack" vs. a

"atrong concentrztion"). The AT/I syiter has to distinuisnh

(at least) four different classes of instances:

(i) Patent: confrontation parameters, statistical

] _____ _______I.

... ,. ,'*.n



V ari a 1les, AT/I'I s owan resources (e. .. , 'i: your air

supQri or ity, i6 nore than 2:1 , see.: air bat tle..."

( i i) Ittera ctivec: the :)ver ;ary ,'!3 actions durinn

cuLir r ent confrontation (e .. , "If' t,,,e a dvc:rsa r y i s

bringing up additional resourcez, a s--u r".e a h olId in

position.")

Ciii) Statistical: accumulated data about the

ad':er,-arY's p a -t be h av ior ( e-. tg. , "I Tf t' ie a d v er sar y i s

self -confi dent, Ma'Ike 3Ludden attaclhs.)

(iv) Inferential: asu.tosabout intentions

or events behind the aiver'sarY': belha'uior (c.--., "If

t'h-e eneny appe'ars to have received additional supplios,

iiait f:or confirmation.")

T h ir cla Ssif ication i S neither e xhan!s -;t ive nrr

ecuiy. if tile Definition rln na- er, a n,.r t cf th e

pro3,riiriina uyster-, cannot decide una:11,hi r;uoIs ly tin th-je class:-

:tn'to !which the coriponents of' the dfinition Lf~l i.t hias to

consult th-e ihu-:a-; advisor.

Anotheur difCficulty rests %:ith the- n !ed to retsol1v e a

sitCuatin-depen'1ent. conf'lict b et,; eecn principles of t,lo

and ,ionetary relevaince. Fut'herrnorc, the systc) -must be ablo

to Gonerate disa;Imbiguatizig; questions whenever the relative

irmportance of the, principles, as specified by ti-.e advisor,

is inconsistent bocause of non-tkransitive preferences given



in tI.O advice.

Finally, %:e not(; that to tcac&: a s tra tuy :y t cIrI J

do.: to do otin s in --'neral is miore eff icieiit and less

c.rrur-prone tLz:n to t--ll .:La tIL1,o (Ic i n ev -ry r ele va n

;i tuatioil. An1 AT /f-li kc s y s t. i iou1l hav a practi cal

!isco L., noss i n doinT thi n. !!Lu.-an experts would specify, via

hi h-lev el interaction w ith the imach in e a num~ber of

altcernative strzateffies. Othe-r comiponents of the DG syztc:m,

.~2 saQO-1i ke zy st-- : t.would then generate modals nf

ui~ or m structure of each strate-y. A prescriptive,

;i13':i-optinun strate--' WOUld then finally b.e constructed

fromi 'uhese.

'fht systeim, under coubtruction etjpIoy s thre f oll1ow.i i

7.1 The! fiLL.-ij cons-tructs the fro:rie*wor!k for til1e flow of

in1-c;r a t ion @ nd,, control b c e 11 thle A.TI fsy' ut;. 2, n1"d

'c'v J son.

7.2 The __ convcrts' tl.1 prii cpl Qs o r d hi h-levl

~::~l~ Lite a ca t nnicalI fcr.m. a.nd s'Eoros !!0- ct i.t

C.L athei;. into an iitially skel etcm s t 1 Z-', Lhie te

~coe erp CcU.iPIo Y ai)l 10

7.3 Th: I LIL -A ~ i:se ir . ;t 0n 0i-. S *

iC(:.ctn'c roi- the z;t rato;gy a c-,,u i r c, i-I part by

interacting with the Advioor.

7 .11 The AT/1-~4 t c s, .3 (v r iies a nd cv alu-ates th



:;t ~ c IM !orl i n2c 1.u i-I o .1 a C'.'i ( 1!~ i

CO)1.eLcnUcne'.; nre not ne,, an:±1 i~w a:rai w:~ ra

a. a ny e '.;i ro d Lie. ii&' v~il ue or :3uci: jj

C,10 be i den tif ied on I y It cortain ti ~~ ;. W r

ii it-2rrm i tt n or periodi,.ally. AI, ct,.e r t i n e s t I i -r

v a: I " I ha', t to be 0 0. 3t i - ted 01 1n colit 1] -,;t t 1:e

axL;1!i ar', rea~li Ily [.a:uAbe a t a iiy tit-iQ. T; i

t im tir. on i s ba sed( on ~C ie ra 1i z ed p r du ct io n rules

p'!r -.;si ng stoe~ i tc, c.i;a 1a rcalnti; Ael open alirt

1.. d en v ariabio Vc i th r can Ls,, cl &a.:, or ' -feaOt. T lie G P

C~;e i (tde...i, ed to provi-, t! i -dc i -;i oi wi-yor t for c xper t.

,*,,,:ton%~ in nole Ior nu-eiCori cicLIKtsOf hi i en Varilbic

b a:iwld~ bs ~ in ctIl i ~i ed ov L:r 3n pr iod ofI

s au r : e n t It conc;i:nts :i~n or lorod ret of -enera1 izcd

proiic tion ri.!(!: of' the forr;

r / H i Tju I. : V r8 ( i i ) Cr
.cr e 1 r i.; the number of' rUles5 that have been pooled to forr.

ther- h rl c 1i j 1 i s the I-th coambination o f the
p~ranmeters of the .j-th basic pattern (norph) describinly t he

AL~--- t
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behavior of tl-e 1-th open variablc (OV). Tj is tie

dil'fcrence in time (tirielag) or in space (distance) between

t0c start of t-e j-th morph (in cz.se of a trend) or its

occurrence (in ca:;e of a suddeen clhan.e or step function),

n,-id t:i e point of' timie or space at which the n-th }IV, If,

a3sumes its v- value, V . This differnce may be

positive--w'hen the OV is the cause and thus precedes the HV,

t)e effect--or negative in t ie opposite case. The ter

'la,' is iied for Tj.1 , u:ether it refers to a tir:elag or

(istance. r i; the credibility level of the r-th rule.

lt,: value ic b:tueen 0 ;nd 1, and depends on ti.;o factors:

.how 'zll the morph in question fits th-e datipoints

over its dorain, and

*i o*,; I:l.y a," ?o• siwi..ilar t1h! rules .tre tuZat have been

pooled to 1'orrm the rule at Ilaand.

~il i :, eti~te of a IIV value is dcsires: at certai:,

value of L1, la;, varinbl , tihe user has to ProvidQ in its

a ,ence of values of all availabl 'O"' s that are

S ziu.1cI to be causally related to the WV. These sequences

fire t:.. .3u,:.iitted to the norph-fi'ttin prora . 1 (,71).) . The

y:;teii then lo-.!s in the !:71o :1e(I [e base for the , best

estinates (!., ..1-ecified b;' tihe user) cofin: t rom rules that

.connect the NIV sou;,it and the available OV' s;

.refer to the .are type of morph as the nculy fitted

une;

.involve norph pararmroters and laI values that arc

* - II
1[



"i:i.lar enoug['h" to those in the query, i.e. that are. within

tlio user-specified, rang ,e of pooling ruleS.

Thie so-called confidence level o f tile e st in at c~

ciep-:nds on the credibility level of' thze rule Used as w*ell as

ho:well the naw r-,orpla fits its datapoints and how close it s

pa ra;.,,ater s are to those of t he morph, wiatchned i n th e

k<nowiledga base.

Let us now assume that thle estimation is performed a nd

.10 to 11 values of the [IV are returned for each, lag value

that yields such possibility. The system will calculate the

av er age of t!he e estimates weighted by thieir confidence

1 f-v eI. Th is process thus provides datapoints, ea c!'

s~pccifying twei -hted average 11V vs. lag~ val ue, over the whole

rang-e of interest. The system then finally invokes the rMFP

tc produce the functional form desired. Its validity is

b~z, c: on the,. a ssurlption that the OV I s, who se i1o r ph s e r o

use- d for the estim~ation, have obeyed the sal!ie laws wlijen t!he

observations were made for the knowledge base as when they

wee r i e a sur eJ -f or thle 0 S-ti [Ia t io n. Furtherimore, thle

relation3 btwoen and within tile ;-roups of OY' :3 and H-V'Is

arv, statistically speaking, constant ove-r ti!ie.

The systeii employs the following modules:

6.1 The GPU-1L~ fits a minimal set of basic patterns,

tiorphs, to a Sequence of' open variable datapoints.

8.2 The GPR-2 establishes rules between sets of

para,,ictric values of m~orphs describing- open variable

01.4
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behavior and individual values of hidden variables.

8.3 The GPR-_-3 pools rules that connect the same open

variable and hidden variable and satisfy certain statistical

and rule-generation criteria. The nurjber and credibility

of rules increase with experience.

6.4 The GPl' estimates the values of hidden variables

at desired time points.

8.5 The GPR-5 extends the system to distributed

processing and intelligence. It merges source files and

'noiledge bases, established at different observation points

by satellite computers, if certain statistical and

file-generation criteria are zatisied--as verified by the

system automatically.

3.6 The GP3-6 exte nds the system' s capabilities to

esti matingr, the functional form of Lidden variable

distributions rather than cstiratinn, on ly the individual

values of hidden variables.

9. AIR T1AI:FIC CO!TROL . A_S L% TJi l.fj FO2 TFiE

L MLY OF STRATEGIEa

Students of all emeririgJ discijplines soon feel the need

to employ their newly developed tools on soiie real-life

problems. The recent shift toward applicable researci: in

Artificial Intelligence clearly indicates that this area of

study has matured sufficiently. Production systems

incorpcrate extensive bases of expert knowledge in a variety

, .

e -

II ~ ~ * 4 7 if l. '
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o f d if ferenrt domains. Event-driven process, i;odel z can

Sii.:Ulate realistic, large ub s cts oV th e real a r Id.

Problem-solvin-g techniques have bcco:, poluerf ul enoug'h It _

coun t rol c om plecx robot behavior. T11he ATC en'virotim-nt seel,-s

to have the followvingsI P or t a nt cqualifications for beinii

studied within the techinical and conceptual framework of thle

Theory of Strategies:

. the task is complex enoug;h to be c!hallcnrrin,;;

.one con identify problem-, areas of different sizes that

could be attacked successively;

.one can define plau:Sible metrics al1ong several

dii.e!nsions to measure the perform~ance of a proposed system;

.until a, subsystem iz fully de-veloped arid tested, it

czn opera-te in a realistic, sim:ulatLed uorlt'!;

. a succ-nssful systci' for auitoriatie ATC ':iould silare with

systeris w orki n., in o the r environm-,ents t'.e( i rmpo rta nt

o a P biIi t ie 3 o f pl1a n n in g, p r obl ei-solv _4n C a n 1-

d e c is iun- rmahint- L uti-;e r unccer ta in ty aind riz!k in dynatmically

c "-ji gi ng domai ns 1,"hi Ie za tis "y in,! a 'h ie r arc hy o f

con str a int s.

Intecrest in automating the PJC tazh', has increased ovur

,.e past few years [19-25). The need for radical

modernization of the current tiodc of operation, as shown by

the number of near-misses mostly due to errors in human

judgemient, has been made more critical by the recent

controvers~y between the Federal Governaent and PATCO.



2 1

In t oloi,,uc! intend to di :scuss the Li'Jove 2U

b r iefl y, 0 Ul i 'I, - " i d cal. 1" ilTFC ,; y s to,,[, a nd sliho,.: h o - our

!pr e soent worh- cou I eaL)nt ri but c to the d ov (!IOu;.ot o C

autoia3ated ATC.

U.hon -.n iricraft flies; f roa 01 ai rport to ano;iothr

undc!er i nstrUrnent fIig(rht'L r i 1 c as (as ,,il itary anDc civil innI

plane3 do), it passes through tile jurisdiction of a series

of ATC centcr,;. Theze centers track each, i'l igh11t within

their sector on radlar and try to !-:ep it o z i ts a ppo in te d

p)a It, a cc or d in t a dirdtime schedulo. The control

actions must also satisfy a number ofI constraints. .So:,e ,re

Constant, su!ch; as, th e go v or r i:i e n t -, r o sc ri b edc rules for

miit:uaseparation and the ph-iysical lirritaticus; of aircraft

ospabilities. Otlhars n r i ,e fr o,,,, t, e situation, ,ilch as

usI f nv or abl c- oa ~th cr c on d it ion i i Id0 e :r a,, n a>' r d i 11 -

pri ori ti cs. I n a ddjit ion -, to sz!f a c! timl.2y tnC-offns,

flihtsand 1ad gf!uel econo:-.y an.d iio snllution over

irha'bited areasm znat ilso be considerod.

heabove microcosirios is- icl trcue in -trmiis ofC

.it -to chan!16c.; OVer spac and ti!me. The,, eoplnu ad dot

olctions; are drami fr o:: a :i ia 1' i.,. hr t e d set. T, .

neaa1. 6U r e of aircraft iwfrancae sipl, ue> as l

timei, fuel cons:u;;ed, aric! riuimb~r dn dot;ree o f cont!tr a Lilt

violations. S ys to, is c ompe t on ce canl be meiasured aon; thte

dim~ensions of the number and the duration of validity of

corinandn, an(! (a5SUmling perfect adherence to the commands)
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S U':C- eS t e ( Consequences of
Acin Suggested Action Cnrio

FIGURE I
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:li the ineasure-; of aircraft fr.ano

-1OL~rCCS of' uncertalinty are .luo to it-iperfect adlerenice

tu comrd , [ f, uS IUZ, .-i Ine'?3Ss int 1 oca t ioan of Iai rc r ft on r nio r

2' cnts7/liea~tler, i no oi aircraf,, c.

Fi;rc 1 5olj 3 a n i iiol. i (! ar r an,1,e me n f or an

i t oima t e . ATC sy ster. The s tr at e, based on plans, i..

te-3te d and v ~rifiej i n te i Lil 7at.e d Yorld. T"'2

cons3acjuenc es o f the actionS SU, ,;csted are fed ba-ck to the

.ecision-!aking unit and, if the res.ultsar unsatisfctor\'

t>eactions are m.odified,' as lon.- as ecessary.

The actions thus proven 3rethn c:m iccd b

..u:!an contr-ollar as a comrizmd to tha! Real 1.lorld. Fi nally,

tastatus of' t.he Feal !Ior! d u ptcs L tha, it Of the Si .u LtI

foridr a t re7 il ar i rterv al1s o r nr e oIte n i n c r it icalI

FIGURE 1 .1BOuT.1 !:7-17

"le nhall Inou os,; our pr ese nt'C. C call cat 11r 6LT t 0 to

te ATC L a s i A-"s ut p thIia t Y C t r inai )c c acythi

control stratc;7y i n t cr;:ms of p)r in c ipl e s i) d I i ihi- IC v

e xa:) l e s t o th e Advice Tnaher/Ilnquirer (AT/I) 33ystern. TI c

latter is linke.d Lip Withl the Si, ul1ated Uorld i n wi ich i t

tests, verifies and1 evaluates the consequencers of the
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z3Lrc-'e -y Lso i1-.:;Trtcd. It een,; fro:.1 the o riauii cistL

o f v ie 1: theref ore, i v 1!y L C.f :,I I .dbacih lowop t I;t

in-Ivol1ve the A'PCrainee, tlho '.T/I .3ystem and th1.e S i r.11la t u

The Quai-Otimi z.r (CO 6.,te C:-, U I( aut-O::itiC ll*

c'enerate 3 computer noQcB-l e des;criptive, tlieor:,, of ulie

trsj fees' strategies,. Finolly, it wsould create a n or-,1a ti ve

thory , qua si-optiniu for rceasons; described before, out of

the descriptive theories.

I n v ie* o f thie , i el11- e -mi re boundaries5 of th is

p robl em-sol1vin;;, univers-e and of the li:.ited set of, distinct

z itss.,tions and .7ctions, it is i..ly t L-At ou r thIneo re t ic al

-fort' c in be empoloy.,ed for thris- i :po rt anrt, pract-ical

1.0 9 1 fl.1, C1:!"I j

Ie have- introduced a TIheory, of Str~t.2j-.ics ina te r ns o f

iL 5 obj ect ivs a n C s 0cuic pC ~osi 1 0 1 tc nq ue-_s a ndC

1. t ;o 0oloi~ iUe hav CS sicw npr 0 '.C e toI a zt ora ti e

y and ynt1he0si 3 of strnio. U ha introduced

teterm tern Dijvital Ga:,,inL;, uhiic; involves -odl-buildin-,

s i:.iulIa tion a nd manciine 1 - ar niv in c.ca r,. Di~itEJc Gam-,inj,

au--mented uitih thie tools of o p cr t ion rceerch, decisionl

theory and utility theor y, 'sudprovide a com.put itional

environment t o automate important anpect.s of strate .ic

pI ann ing.
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~c r _J - ~o v . i o r _J t3 cl, *.n1 b y our

~~ o'rl' c. n e '' _,'t Jisoua; .iion r r- ni

c. re _4o~.~ ca (I tex pr o -s_; in.-:) th i

r iiave been l'-up,)or,- by the ,,ir For-c Cffice o'

,'c' -ific 1enrol, I-r-ant

13 C-1 nuse,-itz, I'. von : in >Ur(Trnnsl. b y J. . Gr .,,i;

[2] Jo-.ion i A P. ___Llr~a~o ~ .* dk eC 'a('fr-nsl. b--

0. F-. U!insip &E . EL. I C G. P. PUtr.32tS 'o~Yr!.:,

n ]fil ler, IV. P. i zn , U. Goujld, a, ' d2
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1~42-1 159 7?cr-t>.-Vll ari: A, !;tcr-dai 1 172)

(Si Fi ndler- '.J. , I. lein, andJ 7. Levine: ;rwnn

-iui th i nducti ve d iscovery :)roce 5-,e - ieadin:I. to !euriS i cs in1

a Poker p r o ,Ir am (In BI clkri~n n GrCoos , and M!Thzi ( Eds.)
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